Background & Aims-Individuals with monogenic disorders of phagocyte function develop chronic colitis that resembles Crohn's Disease (CD). We tested for associations between mutations in genes encoding NADPH oxidases, neutrophil function, and phenotypes of CD in pediatric patients.
Introduction
The development of chronic intestinal inflammation similar to Crohn Disease (CD) during the first decade of life in children with Chronic Granulomatous Disease (CGD) has suggested that loss-of-function in phagocyte reactive oxygen species (ROS) production is likely to be a fundamental mechanism of pediatric CD pathogenesis. [1] [2] [3] CGD patients are notable for predominantly distal colonic and perianal disease which is often refractory to standard medical approaches. 4, 5 Genome-wide Association Studies (GWAS) of CD have linked pathways including autophagy and ROS production to disease pathogenesis. [6] [7] [8] Rare missense mutations in the CYBB, NCF1, NCF2, and NCF4 genes which regulate neutrophil NADPH oxidase function and ROS production have been reported in children with very early onset (VEO, <age 6) IBD. 9, 10 However, an assessment of the association between NADPH oxidase gene mutations, neutrophil ROS production and gene expression, and clinical phenotype in an older cohort of pediatric-onset IBD patients had not been performed.
A variety of defects in neutrophil function have been described in both pediatric and adult onset CD. [9] [10] [11] [12] These include reduced adhesion, chemotaxis, phagocytosis, and ROS production. Recent studies have defined the fundamental role which cellular metabolism plays in immune cell function. 13 Neutrophils have been shown to rely critically upon glycolysis to mount effective anti-microbial responses. [14] [15] [16] Conversely, defects in ROS production in response to immune stimuli have in turn been shown to result in impaired glucose metabolism and overall cell function. While the global pattern of gene expression has recently been defined in circulating neutrophils isolated from healthy adults, this had not been defined relative to neutrophil function including ROS production in children with IBD. 17 We hypothesized that rare genetic variants cause neutrophil dysfunction and thereby contribute to disease pathogenesis in pediatric CD. In the current study we have tested for associations between neutrophil ROS production, clinical phenotypes, and rare missense mutations in the core genes which comprise the NADPH oxidase complex. Whole exome sequencing was performed in pediatric IBD patients and potentially damaging missense mutations in CYBA, CYBB, NCF1, NCF2, NCF4, RAC1, and RAC2 were validated by Sanger Sequencing. Peripheral blood neutrophil ROS production and the associated global pattern of gene expression were measured in pediatric IBD patients and controls. We identified a subset of pediatric CD patients characterized by low normal neutrophil ROS production, which was in turn associated with rare NADPH oxidase gene missense mutations, alterations in neutrophil gene pathways for glucose metabolism and antimicrobial responses, and a more aggressive disease course.
Materials and Methods

Whole exome sequencing
Subjects for whole exome sequencing (WES) were selected from the multi-center Crohn's and Colitis Foundation (CCF) sponsored RISK inception cohort study and the National Institute of Health (NIH) sponsored Emory African-American gene discovery study. The clinical and demographic features of the WES group are summarized in Supplemental Table  1 . Patients were diagnosed with CD, UC or inflammatory bowel disease-undetermined (IBD-U). 18, 19 None of the participants carried a diagnosis of CGD or other primary immune deficiency disorder.
Exome sequencing data analysis
The raw sequence reads were mapped relative to the human genome reference sequence (hg38) and variants were called using PEmapper/PECaller. 20 Unique variants were functionally annotated using SeqAnt version 2.0 (Beta 3, https://seqant.genetics.emory.edu/) which reports the variant's type, functional classification (nonsense, replacement, silent, 5' or 3' UTR, intronic, intergenic), presence in databases like dbSNP and Combined Annotation-Dependent Depletion (CADD) scores. 21 To solidify our confidence in prioritizing deleterious variants based on functional consequence and allele frequency, we used the Exome Aggregation Consortium (ExAC) reference dataset, which provides a resource for the estimation of allele frequency of coding variants (http:// exac.broadinstitute.org/). 22
Filtering and validation of variants
In addition to the standard variant quality controls, we filtered all variants by minor allele frequency (MAF) < 5% and nonsynonymous variants by CADD score greater than 10 based on our initial SeqAnt annotation to identify causal variants. 21 A variant was predicted to be pathogenic if the scaled C-score calculated by the software was above 10, a score indicative of the variant being within the top 10% of deleterious substitutions. 21 Updates to the CADD database in SeqAnt resulted in some variants being re-annotated with lower CADD score. These variants were validated by Sanger sequencing to confirm bioinformatics analysis.
Neutrophil Function Studies
Subjects for neutrophil function studies were enrolled at the Cincinnati site and included 129 CD patients and 26 non-IBD controls. 46 of the CD patients also had WES completed (Fig.  1) . The clinical and demographic features of the neutrophil function group are summarized in Supplemental Table 3 . Peripheral blood neutrophil CD64 index (Trillium Diagnostics, LLC, #Leuko64), and CD11B (BectonDickinson, #340937) and formyl peptide receptor 1 (FPR1) (R&D Systems, #FAB3744F) cell surface abundance, were determined by flow cytometry using our published methods. 12 ROS production was measured in neutrophils in whole blood using the dihydrorhodamine 123 dye (Molecular Probes, #D632) following FMLP (Sigma, #F3506) stimulation. 12 Phagocytosis and killing of Staph. aureus was measured in adherent neutrophils using the acridine orange (Polysciences, Inc, #04539) method as per the CCHMC Clinical Immunology laboratory standard operating procedure for the Phagocytic Microbiocidal Assay P285-701. 12 The expected normal range for the assay is 6-15/cell for phagocytic capacity and >80% for percent killing for S. aureus 502A.
Statistical Analysis for Neutrophil Function Studies
CD cases for functional assays were defined as CD patients who carried the candidate variant of interest which could affect the functional read-out including CYBA, CYBB, NCF1, NCF2, and NCF4. CD controls for the functional assays were defined as not carrying any potentially damaging variants in the pathway genes for the variant of interest. Statistical analyses were performed using GraphPad PRISM© 
Sample Size for Neutrophil Function Studies
A significant effect upon neutrophil ROS production was defined as a reduction in the mean (SD) MFI from 600(200) in CD disease controls lacking a specific genetic variant to 400(150) in CD cases carrying a specific genetic variant. 15 subjects carrying the variant of interest, compared to 15 subjects not carrying the variant, would be required to test for this difference with >80% power and ≤ 0.05.
RNA Sequencing and Analysis
Total purified neutrophil RNA was amplified using the Ovation RNA-Seq System v2 (NuGEN) according to the manufacturer's protocol. The libraries were prepared with the Nextera XT DNA Sample Preparation kit (Illumina Technologies). Libraries were sequenced on the Illumina HiSeq2500 following the manufacturer's protocol with paired end, 75 bp reads (Illumina, San Diego, CA). Expression values were compared between low ROS neutrophils from CD patients, normal ROS neutrophils from CD patients, and normal ROS neutrophils from controls. The analysis was carried out using two pipelines (Suppl. Fig. 3 ). The first pipeline determined genes differentially regulated between low ROS CD neutrophils vs controls and between normal ROS CD neutrophils and controls using unpaired Welch's t-tests (assuming unequal variance) with significance at p<0.05 and fold change >1.5. Gene lists were overlapped using a Venn diagram (bioinfogp.cnb.csic.es/tools/ venny/index.html) to identify gene sets specific to and shared between low and normal ROS neutrophils compared to controls (Suppl. Fig. 4 ). The second pipeline directly compared low and normal ROS neutrophils within CD, applying the same tests and cutoffs used in the first pipeline (411 differentially regulated transcripts).
Ontological Analysis
In order to determine processes and pathways contributing to increased disease severity associated with low ROS CD neutrophils, overlapping and specific transcripts were assessed at the mechanism level. Genes up-and down-regulated from each analysis were submitted to ToppGene and ToppCluster for assessment of ontological enrichments (toppgene.cchmc.org, toppcluster.cchmc.org), focusing on molecular functions, biological processes, and pathways. 23, 24 Ontological maps were generated through Toppcluster and Cytoscape. 25 The full analytic pipeline is described in Suppl. Fig. 3 .
Study approval
The patient-based studies were approved by the Institutional Review Boards at each of the RISK and Emory African-American gene discovery study sites including Emory and CCHMC, and consent was obtained from parents and adult subjects and assent from pediatric subjects age 11 and above.
Results
Missense Mutations in Core NADPH Oxidase Genes Detected in Early Onset IBD Patients
Potentially damaging genetic variants in the protein coding regions of CYBA, CYBB, NCF1, NCF2, NCF4, RAC1, and RAC2 were determined using whole exome sequencing of 543 early onset pediatric IBD patients ( Fig. 1 and Suppl. Table 1 ). As summarized in Table  1 , we identified 26 potentially damaging heterozygous or homozygous missense mutations in CYBA, CYBB, NCF1, NCF2, and NCF4. Three variants (CYBA R164H, NCF1 R90C, and NCF1 A149E) are novel. The IBD case minor allele frequency (MAF) for each of the remaining variants did not differ from control MAF obtained from publically available databases. The MAF from dbSNP are shown in Table 1 for individuals of European ancestry; the MAF reported for each of these variants in the ExAC database for individuals of European, African, or East/South Asian ancestry are included in Suppl. Table 4 .
Rare NADPH Oxidase Gene Mutation Carriage is Associated with Higher Rates of Stricturing Complications and Surgery
We tested for associations between NADPH oxidase gene mutation carriage and clinical phenotype in 228 CD patients with both WES and prospective clinical data for a minimum of 36 months from diagnosis. Thirteen percent carried from 1-3 variants as indicated in Table 1 . For each of these we considered heterozygous minor allele carriage as being variant positive, with the exception of the more common NCF1 S99G variant for which homozygous carriage was considered positive. These included one patient each who carried CYBA V76M, CYBA A101T, NCF2 V297A, NCF2 P454S, NCF2 R386Q, or NCF4 T85N, two patients who carried NCF2 N419I, three patients who carried NCF2 R38Q or NCF2 T361S, five patients who carried NCF1 G83R, six patients who carried CYBA K60T, and seven patients who were homozygous for NCF1 S99G. As shown in Table 2 , age-of-onset, sex, race, CYBA Y72H homozygous variant carriage, disease location, and disease duration did not vary between the groups. Treatment exposures for corticosteroids (65% vs 62%), mesalamine (44% vs 38%), immune modulators (78% vs 69%) and anti-TNF (56% vs 45%) also did not differ between the CD patients without or with NADPH oxidase gene mutation carriage, respectively. However, CD patients with NADPH oxidase gene mutation carriage were three times more likely to exhibit perianal disease (p=0.0008) and experience stricturing complications (p=0.002). Consistent with this, the frequency of abdominal surgeries increased from 9% in CD patients with no variants to 31% in those carrying NADPH oxidase gene mutations (p=0.0004). Forty-six of the CD patients with WES also had neutrophil function testing ( Fig. 1 ). We therefore next asked whether any of the missense mutations summarized in Table 1 would be associated with a reduction in neutrophil ROS production.
N-Formyl Peptide Induced Neutrophil Reactive Oxygen Species Production is Reduced in a Subset of Pediatric CD Patients
We first asked whether neutrophil ROS production would vary between pediatric CD patients and healthy age-matched controls. The clinical and demographic features of the participants used for neutrophil function testing are summarized in Suppl. Table 3 . N-formyl peptides including N-formyl-methionyl-leucyl-phenylalanine (FMLP) released by both bacteria and damaged host tissues are a highly relevant physiologic stimulus for neutrophil ROS production in IBD. 26 Peripheral blood samples were stimulated with FMLP and neutrophil ROS production was measured by flow cytometry. A representative FACS plot for unstimulated (black) and stimulated (red) control and CD samples is shown in Figure 2A . Median (IQR) FMLP induced neutrophil ROS production was higher in healthy controls (513(409,671)) compared to CD patients (391(221,684)) ( Figure 2B , p=0.05). Histograms demonstrated that a subset of CD patients exhibited reduced ROS production compared to the control distribution, defined as a DHR MFI of less than 360, or the 15 th percentile for controls ( Figure 2C ). This resulted in 47% of CD patients being classified as having low ROS production compared to 15% of controls ( Figure 2D , p= 0.002). However, this low level of ROS production in a subset of CD patients was still significantly higher than that measured for X-linked or autosomal recessive CGD patients in the CCHMC Clinical Immunology lab (Suppl. Fig. 1 ). did observe a modest reduction in cell surface abundance of the neutrophil adhesion molecule CD11B in CD samples with low ROS production (Suppl . Table 5 ). Similarly, neither clinical disease activity nor treatment exposures differed between the CD sub-groups with low versus normal ROS production (Supplemental Table 6 ). These data confirmed that the observed reductions in FMLP induced ROS production were not simply due to differences in cellular FPR1 expression or activation state, or concurrent disease activity or treatment exposures. We therefore asked whether CD patients with low neutrophil ROS production would be more likely to carry genetic variants in the core NADPH oxidase complex genes shown in Table 1 .
FMLP induced neutrophil ROS production is shown in Figure 2E as the median (IQR) for CD patients lacking any potentially damaging variants in these genes (no mutation), or patients carrying the indicated missense mutations. Median(IQR) FMLP induced ROS production was reduced from 571(301,1005) in the group carrying no NADPH oxidase gene mutations (n=20), to 350(198,545) in the group homozygous for the CYBA Y72H variant (n=16, p=0.02), and to 329(211,377) in the group carrying at least one of the other NADPH oxidase gene mutations shown (NOX2 group, n=10, p=0.01). For each of the rare NADPH oxidase gene missense mutations, only 1-3 patient samples were tested, with results shown for each of the ten subjects in Fig 2E and Suppl. Table 7 . Consistent with results in the larger group with WES (Table 2) , neither age-of-onset, sex, race, nor disease location varied with NADPH oxidase gene mutation carriage in the sub-group with neutrophil function testing completed (Suppl. Table 7 ). However, CD patients carrying rare NADPH oxidase gene missense mutations were three-fold more likely to experience a stricturing complication (p=0.03) and two-fold more likely to require abdominal surgery (p=0.04, Suppl. Table 7 ).
Note that the subjects with heterozygous missense mutations in CYBA V76M, NCF2 R38Q, and NCF2 T361S were also homozygous for the CYBA Y72H missense mutation. We then asked if there was evidence for enrichment of these mutations in patients with low ROS production. The frequency of minor allele carriage is shown in Figure 2F for CD patients stratified by FMLP induced ROS production of 360, classified as ROS Nl versus ROS Lo. Differences between the ROS Nl versus ROS Lo groups are shown for CYBA Y72H homozygous carriage alone, or for carriage of the rare CYBA V76M, NCF1 S99G, NCF2 R38Q, NCF2 T361S, NCF2 N419I, or NCF2 P454S missense mutations. As shown in Figure 2F , the frequency of minor allele carriage for these rare potentially damaging missense mutations increased from 7% in subjects with normal FMLP induced ROS production to 38% in subjects with low FMLP induced ROS production (p=0.009).
NADPH Oxidase Gene Mutations are Associated with Reduced Bacterial Killing
Intact neutrophil ROS production is required for killing of catalase positive bacteria including Staph. Aureus. We therefore next asked whether Staph. Aureus phagocytosis or killing would vary between CD patients with high versus low FMLP induced neutrophil ROS production. Median (IQR) Staph. Aureus phagocytosis defined as the number of bacteria engulfed per neutrophil did not vary between healthy controls (7(6,9) ) and CD patients (7(6,8) ). Median (IQR) Staph. Aureus killing defined as the percentage of intracellular bacteria killed also did not vary between healthy controls (91(86,92)) and CD patients (86(78,91)). Moreover, we did not observe a difference in either Staph. Aureus phagocytosis or killing in the low ROS production CD sub-group defined by FMLP stimulation responses (Suppl. Table 5 ).
Finally, we asked whether bacterial uptake or killing would vary with NADPH oxidase gene mutation carriage within CD patients. Median(IQR) bacterial uptake per neutrophil did not vary across the CD sub-groups, and was equal to 7 (6, 8) in the group carrying no NADPH oxidase gene mutations, 7 (6, 10) in the group homozygous for the CYBA Y72H variant, and 6 (5, 6) in the group carrying at least one of the other NADPH oxidase gene mutations shown. However, the frequency of bacteria killed per neutrophil was reduced in CD patients with NADPH oxidase gene mutation carriage, decreasing from a median(IQR) of 88(82,89) in the group carrying no NADPH oxidase gene mutations, to 78(77,89) in the group homozygous for the CYBA Y72H variant (p=0.08), and to 79(71,87) in the group carrying at least one of the other NADPH oxidase gene mutations shown (p=0.04). Collectively, these data demonstrated a specific association between potentially damaging missense mutations in CYBA, NCF1, and NCF2, and both low neutrophil ROS production and reduced bacterial killing.
Alterations in Gene Expression Pathways Regulating Glucose Metabolism and Antimicrobial Responses in Low ROS CD Neutrophils
With the exception of a modest increase in RAC1 expression, gene expression for core NADPH oxidase genes did not vary between low and normal ROS CD neutrophils (Suppl. Table 8 ). We therefore next employed RNA sequencing to test for global differences in gene expression and associated biologic pathways between neutrophils isolated from CD patients with low ROS production, compared to both healthy controls and CD patients with normal ROS production. We employed two analytic pipelines to test this as illustrated in Suppl. Figure 3 .
Pipeline 1: Normal ROS CD neutrophils and low ROS CD neutrophils vs controls
We identified 834 and 618 transcripts differentially regulated when comparing low and normal ROS CD neutrophils to control neutrophils, respectively (Suppl. Table 9 ). Of these, 272 downregulated and 105 upregulated transcripts were common between low and normal ROS CD neutrophils, leaving 241 transcripts specifically dysregulated in normal ROS CD neutrophils (195 down and 46 up compared to control) and 457 transcripts specific to low ROS CD neutrophils (186 down and 271 up compared to controls; Suppl. Fig. 4 ). Ontological enrichments were identified for the 151 transcripts up in normal ROS CD vs control neutrophils and the 376 transcripts up in low ROS CD vs control neutrophils, and again for the 467 transcripts down in normal ROS CD vs control neutrophils and the 458 transcripts down in low ROS CD vs control neutrophils. Shared transcripts were represented in shared ontological enrichments between normal and low ROS CD neutrophils, whereas transcripts specific to normal or low ROS CD neutrophils were represented through unshared ontological enrichments. kappaB, toll-like receptor, and cytokine signaling/response, potentially through the MAPK/ERK axes (Suppl. Fig. 5A ). Specific to low ROS neutrophils in CD, an additional set of inflammatory/immune processes were upregulated, in addition to antimicrobial pathways and reactive oxygen species metabolism. In the shared downregulated signals we identify further signals supporting dysregulated immune and inflammatory signaling (Suppl. Fig.  5B ). Further, neutrophil energy generation and sources appeared altered, with overrepresentation of ontologies related to mitochondrial energy dynamics (OXPHOS and ATP synthesis) and glucose production and tolerance. Specific to low ROS CD neutrophils, antimicrobial pathways were downregulated with further indication of mitochondrial dysfunction (response to oxidative stresses and fatty acid oxidation) and glucose/ carbohydrate transport, metabolism, and homeostasis.
Because of the critical role of glycolysis in neutrophil antimicrobial function, genes up-and down-regulated in normal or low ROS CD vs controls were then ranked based on functional enrichment with glycolysis-related genes (Suppl. Table 10, Suppl. Figure 6 ). In normal ROS CD neutrophils, 19 upregulated transcripts and 78 downregulated transcripts showed significant functional enrichment, while in low ROS CD neutrophils 67 upregulated transcripts and 77 downregulated transcripts exhibited functional enrichment (Suppl. Table  10 ). Ontological enrichments of upregulated genes indicated a shared enhancement of HIF-1, TNF, NFKb, and TNF signaling with evidence of increasing reliance on fatty acids as a fuel source (lipid metabolism, fatty acid metabolic process, and response to fatty acid; Fig.  3A) ). Additionally, metabolism and biosynthesis or reactive oxygen species and nitric oxide showed upregulation. Upregulated ontologies specific to low ROS CD neutrophils indicate mishandling of glucose (regulation of glucose import, response to insulin, insulin secretion, response to glucose) with further reliance on alternate fuel sources (NADP binding, ATP binding, response to monosaccharide, nucleotide sugar biosynthesis, fatty acid oxidation, lipid metabolism and biosynthesis). Shared down ontologies included indicators of mitochondrial dysfunction (OXPHOS, ATP synthesis coupled electron transport, electron transport chain, fatty acid oxidation) and enrichment of energy-related processes/pathways (glucose transport, carbohydrate metabolism, insulin secretion, and fatty acid/lipid processes (Fig. 3B ). Downregulated processes specific to low ROS CD neutrophils included further indications of enhanced glucose dysregulation (carbohydrate homeostasis, glucose metabolism and response, and glucose transport), and antimicrobial pathways. Key pathways, enrichment values, and gene lists from glycolysis-trained functional enrichment analysis are presented in Suppl. Table 11 .
Pipeline 2: Low ROS CD neutrophils vs Normal ROS CD neutrophils
We identified 367 upregulated and 44 downregulated transcripts in low ROS CD neutrophils compared to normal ROS CD neutrophils (Suppl. Table 9 ). Ontologies enriched in the upand down-regulated gene sets confirmed dysregulation of glucose and carbohydrate processes (polysaccharide biosynthesis, carbohydrate biosynthesis/metabolism, fatty acid activation, and ATP binding; Suppl. Fig. 7 ) and reliance on alternate energy sources (glucan and glycogen metabolism, and fatty acid beta-oxidation). As before, up-and down-regulated genes were assessed for functional overlap with 90 glycolysis genes, where we observed significance for 67 upregulated in low ROS genes (Suppl. Table 10 ). Functional analysis of these genes further implicate dysregulated glucose metabolism (carbohydrate catabolism/ metabolism, glucose metabolism) paired with indicators of dependence on mitochondrial, non-glucose energy (OXPHOS, ATP binding, and fatty acid oxidation/biosynthesis; Fig.  3C ). Key pathways, enrichment values, and gene lists from glycolysis-trained functional enrichment analysis are presented in Suppl. Table 11 .
Core Genes Distinguishing Low ROS CD Neutrophils from Normal ROS CD Neutrophils
We directly compared low ROS CD neutrophils to normal ROS CD neutrophils using an unpaired T-test assuming unequal variance and identified a core gene panel of 59 genes (7 down-and 52 up-regulated genes with p<0.01 and FC>1.5; Supplemental Table 12 ). We generated a heatmap using hierarchical clustering of genes and samples ( Figure 4A) , and observed consistent separation of low and normal ROS CD neutrophils into three clusters. Two clusters with homogenous across-sample expression of the 59 genes segregated perfectly by ROS status, with a larger cluster exhibiting a distribution of low and high ROS CD neutrophils that correlated with the expression pattern's transition between the two homogeneous clusters. Further, we tested the predictive power of the gene panel using a Support Vector Machine algorithm and found 94.1% accuracy, with AUC for ROC analysis of 0.97 (Fig. 4B ). The 52 genes upregulated in Low ROS CD neutrophils were submitted for ontological enrichment analysis using ToppCluster.cchmc.org and Cytoscape, where we focused on pathways (bright green nodes), biological processes (blue nodes), and overlap with previously published gene sets from microarray studies (light green nodes; Figure 4C ). We observe enrichments in amino acid metabolism, neutrophil degranulation, and overlap with gene sets from leukemia and stem cell microarray studies. When considering potentially damaging genetic variation in these genes, 50 of 59 genes have variants with CADD score of 10 or higher (Suppl. Table 13 ). In total, 368 variants were extracted, of which 275 are known dbSNP variants, while 93 are not in dbSNP and are therefore novel variants. These genetic variants may therefore also contribute to differences in neutrophil ROS production and antimicrobial function in CD.
Discussion
The development of intestinal inflammation in children with CGD has suggested that lossof-function in neutrophil antimicrobial pathways is likely to be a fundamental mechanism of pediatric CD pathogenesis. [2] [3] [4] [5] 27 Rare variants in the CYBB, NCF1, NCF2 and NCF4 genes have previously been reported in VEO IBD. 9, 10 We hypothesized that pediatric CD would be influenced by mutations affecting neutrophil ROS production. We identified a subset of patients characterized by low normal neutrophil ROS production, which was in turn associated with rare NADPH oxidase gene missense mutations, alterations in neutrophil gene expression pathways for glucose metabolism and anti-microbial responses, and a more aggressive disease course.
Genetic factors account for 20% to 35% of the variation in plasma hydrogen peroxide production. 28 Resequencing analysis of CYBA, CYBB, NCF2, and NCF4 demonstrated patterns of genetic diversity compatible with pathogen-driven natural selection. 29 This mechanism has also been demonstrated for CD risk genes including NOD2 and IL23R. 7 We identified 26 potentially damaging mutations in CYBA, CYBB, NCF1, NCF2, and NCF4 in 543 pediatric IBD patients. The median (range) age at diagnosis for CD patients in our phenotypic analysis was 9(5-12) years, demonstrating that NADPH oxidase gene mutations have important consequences beyond the VEO (< 6 years) age group. We replicated a prior report of CYBB G364R, NCF1 R90H, NCF2 R38Q, NCF2 N419I, and NCF2 P454S variants in a study which included 122 VEOIBD patients. 9, 10 Similarly, a study which utilized WES in 43 VEOIBD patients also reported the CYBB G364R and NCF1 G83R variants, defining an enrichment of deleterious rare variants in genes regulating innate immune function in VEOIBD. 30 We replicate and extend these prior findings in defining genetic variation in the NADPH oxidase complex in older pediatric CD patients, suggesting a predominant role in regulating disease behavior.
We confirmed that homozygous carriage of the common CYBA Y72H missense mutation was associated with reduced ROS production. [31] [32] [33] For each of the other missense mutations, only 1-3 patient samples were tested, with low ROS production detected for six of these. The frequency of minor allele carriage for CYBA V76M, NCF1 S99G, NCF2 R38Q, NCF2 T361S, NCF2 N419I, or NCF2 P454S was increased five-fold in CD subjects with low ROS production, supporting an important functional effect. 34 Results agreed with those reported for reduced neutrophil ROS production in adult CD patients with NCF4 risk allele carriage, and VEOIBD patients with several of the same NCF2 mutations. 9, 35 Further validation of functional effects of these NADPH oxidase gene variants will now be required, prioritized by the clinical and functional associations identified in the current study.
The majority of CD patients with low ROS production did not exhibit a potentially damaging variant in the core NADPH oxidase genes tested. This could be due to upstream variants in the FPR1 signaling pathway. 26, 36 However, it is likely that additional mechanisms beyond protein coding mutations control the ROS response in CD. While several NADPH oxidase genes are regulated by expression quantitative trait loci (eQTL) in primary human neutrophils, our data did not support a difference in NADPH oxidase gene expression underlying differences in ROS production. 17 Alternately, factors present in the injured gut such as lipid peroxidation products may also suppress neutrophil ROS production via post-translational modification of key enzymes. 14 Many CGD patients develop severe distal colonic and rectal inflammation with perianal involvement. 4, 5 A prior study in adult-onset CD linked reduced neutrophil ROS production to colon-only location. 11 We found that CD patients with NADPH oxidase gene mutation carriage were three times more likely to exhibit perianal disease and experience stricturing complications. The frequency of abdominal surgery increased from 9% in CD patients with no variants to 31% in those carrying NADPH oxidase gene mutations. These differences in rates of surgery were not associated with overall differences in disease location or medication treatment exposures. These results are in agreement with the prior report in VEOIBD patients, which linked three of the same missense mutations in NCF2 to low ROS production. 9, 10, 35 Moreover, the phenotype of more aggressive disease was also consistent with exacerbation of murine colitis previously reported with p40(phox) deficiency. This was attributed to defects in neutrophil dependent epithelial restitution. 37 We have extended these prior findings to a larger group of patients, prioritizing several additional missense mutations for functional characterization, and showing an association with more aggressive small bowel, perianal, and colonic CD.
A prior study in adult onset CD also did not detect a reduction in overall neutrophil E. Coli killing, despite a similar reduction in ROS production. 11 It should be noted that even the low ROS CD neutrophils in the current study did not display the profound reduction typically associated with CGD, and so it is not surprising that low ROS production alone was not associated with a reduction in Staph. Aureus killing. However, we did detect a modest reduction in bacterial killing associated with NADPH oxidase gene mutation carriage. ROS also modulate metabolic and cell signaling pathways which are intimately linked. 15, 38, 39 Neutrophils are dependent upon glycolysis for mounting effective anti-microbial responses, and conversely ROS production is required to up-regulate glycolysis. [14] [15] [16] We identified for the first time a suppression of gene expression pathways regulating glucose metabolism and anti-microbial responses in low ROS CD neutrophils. Deletion of Ncf2 in mice leads to hyper-activation of cell signaling pathways, via inactivation of ROS dependent tyrosine phosphatases. This may explain the somewhat paradoxical hyper-inflammatory state of CGD phagocytes, which may drive gut inflammation via inflammasome activation. 38, 39 IL-1 receptor blockade has been shown to reduce inflammation in CGD. 40 Whether this is also the case in low ROS CD neutrophils is not known, and is the subject of ongoing studies. Alternately, strategies to specifically boost glycolysis and associated antimicrobial responses may represent a novel approach for this subset of patients.
Our studies add to a growing body of literature regarding genetic variation and reduced epithelial and phagocyte ROS production in both pediatric and adult-onset IBD. 34 A recent report characterized missense mutations in the intestinal epithelial NADPH oxidases DUOX2 and NOX1 in children with VEOIBD. 41 We have replicated several missense mutations in core phagocyte NADPH oxidase genes previously reported in VEOIBD patients, and increased the number of validated mutations in this pathway linked to reduced ROS production in primary neutrophils. 9 Importantly, NADPH oxidase gene mutations were associated with higher rates of refractory CD. These data advance our understanding of pathogenesis, and may inform novel therapeutic approaches including targeting of endogenous ROS regulators to boost cellular metabolic responses. 42 However, routine genetic testing and screening for low ROS production at this stage should still likely be reserved for VEOIBD patients, or those with atypical features such as recurrent infections, in which CGD is suspected.
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Figure 1. Flow Chart for Patient Populations with Whole Exome Sequencing and Neutrophil Function Studies
Whole exome sequencing (WES) was completed for 543 pediatric IBD patients, with a median (range) age at diagnosis of 8(0-18) years. These data defined NADPH oxidase gene mutations in this population, and associations with clinical phenotype. Neutrophil function studies including measures of ROS production and bacterial killing were completed for 129 pediatric CD patients with a median (range) age at diagnosis of 11 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) years, and 26 non-IBD controls. 46 CD patients had both WES and neutrophil function testing completed to test for associations between NADPH oxidase gene mutations and neutrophil ROS production and bacterial killing. A sub-group of CD patients (n=40) and non-IBD controls (n=6) with neutrophil function testing completed also had RNASeq performed to define the neutrophil global pattern of gene expression in patients stratified by ROS production.
Figure 2. N-Formyl Peptide Induced Neutrophil ROS Production and Core NADPH Oxidase Gene Mutations in Crohn Disease Patients
Peripheral blood samples were stimulated with N-formyl peptide (FMLP) and neutrophil ROS production was measured by flow cytometry using the dihydrorhodamine 123 (DHR) dye. A) Representative FACS plot for unstimulated (black) and stimulated (red) I) control, II) low ROS CD and III) high ROS CD samples are shown. B) FMLP induced neutrophil ROS production measured by the DHR MFI in healthy controls (n=26), and Crohn Disease patients (CD, n=129) is shown as the median (IQR). Differences between the groups was tested by unpaired t-test of log transformed values. C) Histograms demonstrating the number of subjects with each level of FMLP induced neutrophil ROS production in groups of 100 for the DHR MFI is shown, with the point for a DHR MFI of 360, the 15 th percentile within controls, on the x-axis for each group indicated by the arrows, and those with low ROS production indicated by the blue bar. D) The frequency of subjects with low FMLP induced ROS production defined by a DHR MFI less than 360 is shown. Differences between groups was tested using the chi2 test. E) FMLP induced neutrophil ROS production is shown as the median (IQR) for CD patients lacking any potentially damaging variants in core NADPH oxidase genes (no mutation), or patients carrying the indicated missense mutations. Differences between the no mutation group (n=20) 
Figure 3. Metabolic and Immune Functions Differentially Expressed in CD Neutrophils with Normal and Low ROS Production
Candidate gene prioritization through functional enrichment analysis, using genes differentially regulated between normal ROS CD neutrophils and controls as the test set and a glycolysis gene list as the training set, ranked test genes in the order of their importance in context of glycolytic functions. Genes with significant glycolytic functional enrichment were submitted to ToppCluster to identify mechanistic enrichments. A) Pathways and mechanisms enriched in genes that were upregulated in low ROS CD neutrophils vs control neutrophils or normal ROS CD neutrophils vs control neutrophils with significant ranking in glycolysis candidate gene analysis (part of the first pipeline). B) Pathways and mechanisms enriched in genes that were downregulated in low ROS CD neutrophils vs control neutrophils or normal ROS CD neutrophils vs control neutrophils with significant ranking in glycolysis candidate gene analysis (part of the first pipeline). C) Pathways and mechanisms enriched in genes that were upregulated in low ROS CD neutrophils vs normal ROS CD neutrophils with significant ranking in glycolysis candidate gene analysis (second pipeline). Table 1 Missense Mutations in Core NADPH Oxidase Genes Abdominal Surgery 17(9) 9(31) *** No mutation: no variants shown in Table 1 except for CYBA Y72H homozygote; Mutation: carriage of 1-3 NADPH oxidase gene variants indicated in Table 1 . Data are shown as median (range) or n (%). ** p<0.01, *** p<0.001 by chi2
